Choline can be covalently grafted on glassy carbon electrodes using cyclic voltammetric method, forming a stable cationic monolayer-modified electrode (Ch/GCE). Keggin-type molybdophosphate anions, α-PMo12O40 3-, then were selfassembled on the Ch/GCE through electrostatic interactions for fabrication of an electrochemical sensor, which is denoted as α-PMo12/Ch/GCE. This two-layer modified electrode was carefully characterized by cyclic voltammetry and X-ray photoelectron spectroscopy. It was found that the sensor exhibits strong electrocatalytic activity and sensitivity toward the reduction of IO3
Introduction
Polyoxometalates (POMs) are receiving increasing interest as building units of novel inorganic materials that are useful in electrocatalysis, biochemistry and medicine due to their excellent chemical stability with good electronic conductivity. [1] [2] [3] The POMs film formation and electrode modification technologies are common in practical applications of POMs. In general, there are three ways to obtain POMs films on electrode surfaces: electrochemical deposition, 4 ,5 adsorption [6] [7] [8] [9] and doping in conductive polymeric matrices. [10] [11] [12] [13] The electrochemical deposition of POMs is simple; however, it usually produces a film with unknown structure. The doping method significantly depends on the nature of the polymer matrix, and the films synthesized often do not display the same electrochemical properties. Also, the POMs cannot be easily adsorbed directly on the bare surface of glassy carbon electrodes (GCEs). Thus, electrochemical pretreatment of GCE at very positive or negative potentials is required. 14, 15 Alternatively, layer-by-layer self-assembly methods have been reported for construction of the multiplayer POMs formed on p-aminobenzoic acid, 16 1,7-diaminoheptane 17 and p-aminobenzene sulfonic acid 18 modified electrodes. It is obvious that the oppositely charged layers are effective for the construction, though sensitive to pH conditions.
As previously reported, choline can be covalently grafted onto the surface of carbon-based electrodes through -O-ether bound linkages, which results from reactions between cation radicals on the carbon surface and the HO-group of choline under electrochemical oxidation conditions. 19, 20 The positively charged quaternary ammonium [-N + (CH3)3] functional group of choline residue on the modified layer forms a biologically active surface for catalytic oxidation of dopamine, serotonin, ascorbic acid, tyrosine and tryptophan. The choline-modified layer is a compact and stable monolayer, which may be used as an excellent precursor film for further fabrication of POMs layers.
Iodine is an essential micronutrient which plays an important role in mental development, growth, and basic metabolism. 21 Iodine deficiency can result in brain damage, mental retardation and endemic goiter. However, excessive iodine intake may lead to throtoxicosis. Table salt is a widely used seasoning, which is iodized with potassium iodate or iodine in most countries. Several techniques have been applied for the determination of iodate, including chromatography coupled with spectrophotometry or mass spectrometry, chemiluminescence, and amperometry. [22] [23] [24] [25] [26] [27] For the ease of preparation, fast response, cost saving, and simple operation, which are crucial for sensing applications, in this work the Keggin-type molybdophosphate anion, α-PMo12O40 3-(α-PMo12 for short), film assembled on cholinemodified GCE (α-PMo12/Ch/GCE), is reported. We discuss its fabrication and characterization and present a preliminary investigation of catalytic behavior toward IO3 -reduction. In comparison with a simply molybdate-modified GCE, the high stability and sensitivity of the α-PMo12/Ch/GCE to the electrocatalytic reduction of iodate were observed, such materials can be expected to have potential application in analyses.
This modified electrode is promising for the amperometric detection of IO3 -in table salt.
Experimental

Reagents and instruments
The α-Na2HPMo12O40 was synthesized according to the literature and tested by IR. 28 Choline (Ch) and potassium iodate were purchased from Chemical Reagent Factory of Beijing and Chemical Reagent Company of Shanghai, respectively. All other reagents were of analytical grade and were used without further purification. The 0.1 mol/L phosphate buffer solutions of different pH values (PBS) were prepared as the electrolyte.
Doubly distilled water was used to prepare all solutions.
Cyclic voltammograms (CVs) were obtained with a Model CHI832 electrochemistry workstation (Chen-Hua, Shanghai, China). All electrochemical experiments employed a threeelectrode cell with a testing electrode, a platinum wire auxiliary electrode and a SCE (saturated calomel electrode) reference electrode. GCEs (φ = 4 mm disk) were used as the basal electrodes for modification. Experiments were carried out at room temperature (25˚C). High purity nitrogen was used for solution deaeration and for keeping a nitrogen atmosphere in the cell.
XPS was obtained by using an ESCALAB MK2 spectrometer (VG, UK) with Mg K-Alpha X-ray radiation as the source for excitation.
Preparation of the modified GCE
Prior to modification, the bare GCE was polished carefully to a mirror finish with sand papers of different grades. After each polishing, the electrode was rinsed with water and sonicated in ethanol for 5 min. Finally it was dried under nitrogen flow and ready for use.
The bare GCE was electrochemically pretreated by cyclic scanning in the potential range of -1.7 to 1.8 V in 3.0 × 10 -3 mol/L Ch + 0.1 mol/L LiClO4 at 20 mV/s for six scans according to the procedure reported previously. 20 The obtained Ch film-modified electrode was denoted as Ch/GCE.
The Ch/GCE was immersed in 6 × 10 -6 mol/L α-Na2HPMo12O40 + 0.02 mol/L H2SO4 for several minutes. Then the electrode was rinsed with water and sonicated in water for 5 min. This electrode was denoted as α-PMo12/Ch/GCE.
Results and Discussion
Voltammetric behavior of the α-PMo12/Ch/GCE Cyclic voltammograms of Ch/GCE and α-PMo12/Ch/GCE in PBS are shown in Fig. 1 . It can be seen that no obvious redox peaks appeared at the Ch/GCE (a). However, 3 redox peaks appeared at the α-PMo12/Ch/GCE (b) at Em of 0.242 (I), 0.068 (II) and -0.171 V (III), which can be attributed to the three successive steps of 2-electron transfer process, respectively. 8, 29 As a comparison, the CV at a bare GCE after immersing in the α-PMo12 solution was also tested (inset). No apparent peaks could be found corresponding to α-PMo12 redox reaction, indicating that not much α-PMo12 is adsorbed onto the surface of the bare GCE.
Since Ch was bound on the GCE surface with positively charged quaternary ammonium [-N + (CH3)3] functional groups pointing toward the solution, the positively charged Ch layer could attract α-PMo12 3-anions from the solution for charge balancing to result in a stable assembly of α-PMo12 3-adsorption layers on the Ch/GCE. Figure 2 shows the cyclic voltammograms of the α-PMo12/Ch/GCE at different scan rates in the potential range from 0.6 to -0.25 V in 0.1 mol/L pH 2.6 PBS. It was found that the peak currents of the three redox couples increase linearly with the scan rate between 20 and 400 mV/s, which fits the mechanism of surface-confined processes. Moreover, the cathodic and anodic peak currents for each step were almost the same and the Em potentials shifted very little as the scan rate was changed. Figure 3 shows the effect of solution pH on the electrochemical behavior of the α-PMo12/Ch/GCE. It can be seen that all the redox peak potentials of the 3 steps gradually shift to the negative direction and that the peak currents decrease with increase of pH. This confirms that protons participate in these steps to accompany the electron transfer process for charge balancing of the α-PMo12 film. Along with increasing pH values, less and slower penetration of protons and cations from the bulk solution to the active centers depresses the redox peak currents. 30 Moreover, when the pH of solution was larger than 7.0, all the redox peaks disappeared, showing that the α-PMo12/Ch/GCE is thoroughly damaged. For better stability, sensitivity, and peak resolution, 8 pH 2.6 was selected as the optimum electrolyte solution for further study.
Effects of scan rate and solution pH
Careful investigation showed that the Em values of steps I, II and III are linearly shifted at slopes of -45, -68 and -52 mV per pH unit, respectively, in the pH range of 2 to 5. These are in good agreement with the mechanism of the 2e -+ 2H + process for each of the redox steps. 30 The reaction mechanism of the modified α-PMo12 layer can be expressed as follows: 
H2PMo2 V Mo10 VI O40 3-+ 2e + 2H + = H4PMo4 V Mo8 VI O40 3-
H4PMo4 V Mo8 VI O40 3-+ 2e + 2H + = H6PMo6 V Mo6 VI O40 3-
698 ANALYTICAL SCIENCES MAY 2006, VOL. 22 The surface concentration of α-PMo12 (Γ0*) on the α-PMo12/Ch/GCE was calculated based on the equation Q = nFAΓ0*, 31 where Q is the charge integrated under the CV peak and A is the electrode surface area (0.126 cm 2 ). Using the reduction peak II and the apparent electrode surface area for the calculation, we showed that the Γ0* of α-PMo12 increases with the adsorbing time in 0.02 mol/L H2SO4 containing 6 × 10 -6 mol/L α-PMo12 3-, and reaches to a saturation up to 3 min. Thus, we selected the optimum adsorbing time of 3 min for the following study. The saturated adsorption at 3 min had a Γ0* value of 2.1 × 10 -10 mol/cm 2 , showing a monolayer adsorption. The stability of the α-PMo12/Ch/GCE was investigated by measuring the decrease of the reduction peak current of step II during continuous cyclic voltammetric measurements. Only a slight decrease of about 3% after 100 cycles scan was observed in 0.1 mol/L pH 2.6 PBS in the potential range of 0.6 to -0.25 V at 50 mV/s, which shows the high stability of this modification.
XPS characterization of the surface of the α-PMo12/Ch/GCE
XPS spectra of the α-PMo12/Ch/GCE were also studied. The characteristic P2p and Mo3d peaks on the α-PMo12/Ch/GCE appear at around 133 and 232 eV, respectively. 32 This is demonstrative of α-PMo12 immobilization on the surface.
Electrocatalytic reduction of IO3 -
The electroreduction of IO3 -usually requires a large overpotential on bare electrodes. However, the catalytic reduction of IO3 -at the α-PMo12/Ch/GCE can be clearly seen from Fig. 4(A) , curves a -d. The figure shows that adding IO3 -to the solution produces dramatic changes in the shape of the cyclic voltammogram. With increases of IO3 -concentration, the cathodic peak current of step III increases significantly and the anodic current concomitantly decreases, showing a catalytic wave, while much smaller increases of the redox peak currents for steps II and I are generated. Comparatively, no obvious response was observed at the Ch/GCE at the same condition, as shown in Fig. 4(A) , inset. Thus, it indicates that IO3 -can be strongly reduced by the 6e -reduced state of the α-PMo12 modified layer, but is reduced much less by the 4e -and 2e -reduced forms.
The main electrocatalytic reaction of α-PMo12/Ch/GCE towards IO3 -reduction can be written as
Also of importance is the fact that the chemical reaction of iodate gives rise to iodide in a six-electron step IO3 -+ 6H + + 6e -= I -+ 3H2O.
Certainly the I -generated has been caught at the α-PMo12/Ch/GCE in the reverse CV scan, as shown in Fig. 4(B) . The oxidation and re-reduction reaction of I -generated at -0.2 V showed a redox couple at Em of about 0.48 V, which is in agreement with the typical voltammetric behavior of I -. 33 According to the potential dependence of the electrocatalytic reduction of IO3 -, the optimal electrode potential was selected at -0.2 V for amperometric determination in order to obtain constant and high sensitivity. Figure 5 (A) shows a typical steady-state current-time response of the α-PMo12/Ch/GCE to the successive addition of IO3 -under stirring. It can be seen that the response of the electrode is rapid. The electrode response time after addition of IO3 -was much less than 6 s, depending on the stirring rate. The nearly equal current steps for each addition demonstrate a stable and efficient catalytic ability of the α-PMo12 modified film. The log I-log c plot shows a linear function in a wide range of 5 × 10 -7 -5 × 10 -3 mol/L, as shown in Fig. 5(B) . However, the current I was linear to the concentration of IO3 -with an equation of I(A) = 1.41 × 10 -6 + 0.0356ciodate (mol/L) (R = 0.993) in a range of 5 × 10 -7 -5 × 10 -6 mol/L, as shown in Fig. 5(B) , inset. A detection limit of 2 × 10 -8 mol/L (s/n = 3) was determined. The relative standard deviation for 10 repeated injections of 8 × 10 -5 mol/L IO3 -was 1.9%.
Interference and stability
The stability of this sensor was investigated. Almost no changes of the current response were found for a week during its storage in pH 2.6 PBS, and the change was only about 14% for one month. The anti-interference ability of the α-PMo12/Ch/GCE was also investigated by testing the responses to Na + , K + , Ca 2+ 
Conclusion
The covalently grafted choline monolayer having positively charged quaternary ammonium head groups has successfully been used as the precursor for strong adsorption assembly of a monolayer α-PMo12O40 3-for fabricating an electrochemical IO3 -sensor, α-PMo12/Ch/GCE. The sensor has high electrochemical catalytic activity toward the reduction of IO3 -, and is stable, selective and sensitive to IO3 -determination in pH 2.6 PBS media. The IO3 -content determination in table salt was performed satisfactorily.
